The role of the closing lecture in a Faraday Discussion is to summarise the contributions made to the Discussion over the course of the meeting and in so doing capture the main themes that have arisen. This article is based upon my Closing Remarks Lecture at the 203 rd Faraday Discussion meeting on Halogen Bonding in Supramolecular and Solid State Chemistry, held in Ottawa, Canada, on 10-12 th July, 2017. The Discussion included papers on fundamentals and applications of halogen bonding in the solid state and solution phase. Analogous interactions involving main group elements outside group 17 were also examined. In the closing lecture and in this article these contributions have been grouped into the four themes: (a) fundamentals, (b) beyond the halogen bond, (c) characterisation, and (d) applications. The lecture and paper also include a short reflection on past work that has a bearing on the Discussion.
The formation and geometries of interactions analogous to halogen bonds, but involving in the Lewis acidic role main group elements from other groups in the periodic table, notably groups 14-16 and 18, was well established in the 1960s and 70s. Reviews by Bent on donor-acceptor interactions, 10 and by Alcock on secondary bonding, 11 describe these interactions in some detail and cover many of the points being discussed in the recent rediscovery and resurgence of interest in what are now being termed tetrel bonds (group 14) , pnictogen bonds (group 15), chalcogen bonds (group 16) and aerogen bonds (group 18). Such interactions are now most commonly described in terms of electrostatic interactions between a lone pair of electrons (or other electron-rich site) on one molecule and an electropositive site referred to as the s-hole and situated opposite to a s-bond formed by the main-group element. 12, 13 Bent described these interactions in the framework of electron donor-acceptor complexes, requiring an orbital interaction model. The debate regarding which is the more appropriate bonding description, and whether both are models are should be invoked, was an important theme of the present Discussion, such as that of session 1 (DOI: 10.1039/c7fd90062g). Alcock introduced the term secondary bond in 1971 to describe the linear intermolecular interaction in which a main group element serves in a Lewis acidic role. 11 The rst paragraph of Alcock's review, entitled "Secondary bonding to nonmetallic elements", is reproduced here (Chart 1), and sets out the description of secondary bonding, which should be familiar to all who are currently studying these interactions. The more recent subdivision and renaming of secondary bonding in terms of the group names for the elements in the periodic table (see Section 3) is currently the subject of an IUPAC project to provide denitions associated with these names. There is certainly a discussion to be had in this regard, notably in how far classes of analogous interactions should be subdivided and separately named. In this context one reasonably might ask, for example, whether it is appropriate to subdivide halogen bonds into a series of named interactions as iodine bonds, bromine bonds, chlorine bonds and (possibly) uorine bonds.
In the 1980s, Parthasarathy and Murray-Rust described the angular dependence of electrophilic and nucleophilic interactions with terminal halogens based on observations from crystal sructures. 14 Desiraju later described type I and type II halogen-halogen interactions, which have different geometries, the latter of which is consistent with halogen bonding involving the interaction of an electrophilic halogen with a nucleophilic halogen. 15, 16 Our own work later emphasised the importance of the anisotropic charge distribution and resulting electrostatic potential around terminal halogens in developing an understanding of electrophilic interactions, predominantly hydrogen bonding, with terminal halogens, 17 but ultimately led us to become involved in studying halogen bonding. [18] [19] [20] It is oen difficult to single out individual papers that have made a difference in advancing a eld of study, but here I will note two papers that appeared almost 20 years ago, both of which contributed signicantly to the renaissance of interest in what is now termed halogen bonding by providing a point of comparison with hydrogen bonding, an interaction that was well-established in the minds of chemists and those working in the molecular sciences. The review in 1999 by Legon 21 on structural characterisation of gas-phase complexes ( Fig. 1 ) demonstrated the similarities between hydrogen bonding and halogen bonding, which had been systematically developed in experimental spectroscopic studies over a number of years, but was perhaps not well known to those with interests in selfassembly in the condensed phases. The complexes studied provide experimental rigour to underpin the fundamental understanding of these interactions and the extent to which there is parity between the two. The early work of Resnati and Metrangolo beginning around a similar time arose from a background in uorine chemistry, which led to the development of highly uorinated organic building blocks that could be deployed in halogen-bonded self-assembly in the solid state. Their report in 2000 showed that halogen bonding could be competitive with or even out-compete hydrogen bonding in the self-assembly of 1 : 1 co-crystals from the solution phase ( Fig. 2 ), 22 and brought to the attention of a wider community the possibility that halogen bonding might be used as an alternative to the more well-known hydrogen bonding in self-assembly. Very recently we have returned to this competition between hydrogen bonds and halogen bonds and shown that the choice of solvent affects the outcome (Fig. 3 ). 23 Generally speaking, less polar solvents favour association via hydrogen bonds over halogen bonds in forming the co-crystals, whereas the reverse is true in polar solvents. The cross-over point is related to the relative strengths of the hydrogen bonds and halogen bonds that are in competition.
Fundamentals
A number of the papers presented in the Discussion focused on fundamental aspects of halogen bonding and related interactions. The discussion of the papers centred on understanding the bonding, and being able to use this understanding in a predictive manner. In his opening lecture, and accompanying article (DOI: 10.1039/c7fd00058h), Tim Clark emphasised the fact the chemistry is based on models and proposed a lex pasimoniae (Occam's razor) for bonding theory as follows: An analysis is adequate when it explains all the known facts. Try to stick with physically unique and dened phenomena wherever possible.
Do not dene new interactions where old ones will do. The paper emphasised an electrostatic description of bonding, which in principle can account for all bonding interactions, but recognised the value of orbital models which have been embedded in the description of bonding in chemistry over many years. The electrostatic model includes:
(i) The Coulomb interaction, which is the foundation of the description of halogen bonding in terms of the interaction of the s-hole of the halogen-bond donor and the electron-rich region of the halogen-bond acceptor.
(ii) Polarisation, because it is important for describing the interaction between unperturbed molecules where this is not otherwise obvious.
(iii) Dispersion, because otherwise the attraction of nonpolar species is not explained.
Co-operativity in halogen bonding was demonstrated in calculations by Del Bene and co-workers on a series of binary and ternary complexes (DOI: 10.1039/ c7fd00048k). As shown in Fig. 4 , the halogen bond between ClF and PH 2 F is enhanced slightly by the cooperative polarising effect from the formation of a second halogen bond involving HCl. This polarisation of the central ClF molecule is greater when a stronger halogen-bond donor (a second ClF molecule) is used to form the ternary complex, so much so that it leads to Cl + transfer. Cooperativity has long been established in hydrogen bonding, as illustrated in the study by Hermansson of co-operativity in hydrogen-bonded water chains, 24 in which the calculated difference electron density of the water molecules clearly shows the most polarised molecule to be the central one of the chain (Fig. 5 ). Polarisation in halogen bonding was further discussed in the computational study by Riley and Tran on charged halogen bonds between cationic halogenbond donors and anionic acceptors (DOI: 10.1039/c7fd000106a), indicating a greater polarisation effect in interactions between charged species than neutral ones. Such interactions have also been studied extensively in experimental work involve halides, halometallate ions and other anions in the halogen-bond acceptor role with either cationic or neutral halogen bond donors. 18, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] Kennepohl and co-workers (DOI: 10.1039/c7fd0076f) used X-ray Absorption Spectroscopy (XAS) to demonstrate and quantify the charge-transfer from chloride ions to I 2 halogen-bond donors, by observation of the Cl 1s / Cl 3p transition, which cannot arise in the absence of Cl À to I 2 (s*) charge-transfer ( Fig. 6 ). Fourmigué and co-workers (DOI: 10.1039/c7fd00067g) further developed the discussion of covalency in halogen bonding in experimental and computational charge density studies of N-X/N halogen bonds (X ¼ I, Br), which suggest greater covalency for X ¼ Br than for X ¼ I ( Fig. 7 ), a reverse of what might have been anticipated. The nature of N-X/N halogen bonds have also been extensively studied in solution-phase using NMR spectroscopy by Erdelyi and co-workers. [35] [36] [37] [38] Alavi and co-workers (DOI: 10.1039/c7fd00064b) described their computational studies of chlorine and bromine hydrates, clathrates based on polyhedral hydrogen-bonded water cages with the dihalogens occupying the cage voids. These materials have been known for some 200 years, but are still revealing structural and bonding details. [39] [40] [41] [42] The study demonstrates the halogen-bonding interaction between the dihalogen and the water molecules, and highlights the bifurcation that occurs involving one of the water molecule lone pairs, which accepts both a hydrogen bond and a halogen bond. Bifurcation of interactions also featured in a number of the calculations presented by Politzer (DOI: 10.1039/ c7fd00062f), which focused on s-hole interactions across the p-block. Specically, examples were presented in which the site of the most positive electrostatic potential was calculated to be located between atomic sites at which s-holes might have been expected, e.g. S and C in octauorothiophane and two hydrogens in dimethylurea (see Fig. 8 ). An alternative to the more conventional description of a bifurcated interaction was proposed, by connecting the sites of most positive and most negative potential on neighbouring molecules via a single interaction. Bifurcation remains an appropriate description if presented in terms of an atomatom interaction framework, and its interpretation is well understood and in common use. Such a bifurcated description has been used previously where sites of maxima or minima in electrostatic potential have been determined to lie between atoms. 43 The emphasis so oen placed on drawing (dotted/dashed) lines between atoms to represent intermolecular interactions is reected upon in the paper by Edwards, Spackman and co-workers (DOI: 10.1039/c7fd00072c). Their analysis of intermolecular interactions in crystals is based on the calculated molecular charge densities and enables molecule-molecule interactions to be partitioned into electrostatic and dispersion contributions, which can the be visualised in a quantitative manner by representing the strength of an interaction between two molecules by a line, the thickness of which is proportional to the interaction strength ( Fig. 9 ). Spackman refers to this model of intermolecular interactions as an energy framework. [44] [45] [46] Their analyses, and similar analyses by Gavezzotti, using his PIXEL calculation approach, [47] [48] [49] show that the strongest interactions between molecules are not always those that conform to named interactions such as hydrogen bonds, halogen bonds etc., i.e. the interactions which are conveniently depicted as dotted lines between the atoms of the interacting molecules. The paper (DOI: 10.1039/c7fd00072c) also questions the need for so many specic names for many different types of atom-atom intermolecular interactions when intermolecular interactions may be better interpreted in terms of complementary electrostatic interactions between molecular surfaces combined with dispersion forces. 
Beyond the halogen bond
Although the study of halogen bonding has expanded dramatically over the past 15-20 years, 50-54 analogous interactions involving other main group elements in a Lewis acidic role have seen far less attention over this same period. More recently, with the advent of the s-hole terminology as a framework for describing such interactions, 13 there has been a growing interest in the study of such interactions, which like halogen bonding have the potential to lead to a variety of applications in supramolecular chemistry, crystal engineering, materials chemistry and in medical/biological areas. The terms triel bond (group 13), tetrel bond (group 14), pnicogen/pnictogen bond (group 15), chalcogen bond (group 16) and aerogen bond (group 18) have begun to be used by analogy to the term halogen bond for the now well-established interactions involving group 17 elements. As noted in the Introduction, such interactions across the p-block were well established by crystallographic studies in the 1960s and 70s. 10, 11 The interactions were oen described within a bonding framework of donor-acceptor interactions, in which a signicant covalent or charge-transfer component to the bonding was inferred, rather than via an electrostatic (e.g. s-hole) description. Early studies oen focused on systems in which the main group element involved in the Lewis acidic role is bound to uorine (oen peruorinated), leading to strong intermolecular interactions (Fig. 10 ). There is now scope to develop this palette of (Fig. 11 ). 57 The interactions involving uorine substituents of the ortho-CF 3 groups interact with the Si centres trans to the primary bonding (to F, H and C) and are evident from the crystal structures and from solution-phase NMR spectroscopy in which J SiF coupling for the secondary (tetrel) bonds has a magnitude of approximately 3 Hz in comparison with the 1 J SiF coupling of 300 Hz observed for primary Si-F bonds. The tetrel bond is shorter for interactions trans to F than trans to C, consistent with electrostatic or orbital (charge-transfer) arguments. We noted in our report that secondary F/E interactions have also been reported for Ar 2 Pb, 58 Ar 2 Sn, 59,60 Ar 3 Ga 61 and for related lled-shell transition metal complexes Ar 2 Zn, Ar 2 Hg and Ar 2 Cd(NCMe), 62 although not all adopt the linear arrangement observed in our examples. Thus, care is needed in interpreting the nature of these interactions.
In an extensive computational study, Scheiner (DOI: 10.1039/c7fd00043j) reported binding energies and geometries for halide ion binding in a series of isostructural ditopic receptors in which hydrogen bonding, tetrel bonding, pnictogen bonding, chalcogen bonding and halogen bonding were compared (Fig. 12 ). As expected, heavier p-block elements form stronger interactions than their lighter congeners. Of particular interest is the fact that tetrel bonding from RSnH 3 groups to the halides is stronger than that for corresponding halogen bond (RI) and at least as strong as the corresponding hydrogen bond (RH). Vargas-Baca and co-workers (DOI: 10.1039/c7fd00075h) presented a series of cyclic tellurazole N-oxides, which can form supramolecular assemblies via chalcogen bonds involving Te as the chalcogen bond donor. The N-oxide has an electron-withdrawing role that enhances the strength of the chalcogen bond. This role can be further amplied by coordination of the oxygen to Lewis acids such as BF 3 (Fig. 13 ). Southern, Bryce and co-workers (DOI: 10.1039/c7fd00087a) described the use of solid-state 207 Pb NMR spectroscopy to explore the formation of tetrel bonds in hemihedrally coordinated Pb(II) complexes. Although not a commonly used NMR nucleus, 207 Pb is 22.1% abundant, has I ¼ 1/2 and a very a large chemical shi range, offering the potential of great sensitivity to the nature of intermolecular interactions involving Pb centres. It is further noted that group 14 elements provide considerable opportunities for the investigation of tetrel bonding by NMR spectroscopy (Table 1) . Erdelyi and co-workers (DOI: 10.1039/c7fd00107j) investigated natural abundance 15 N NMR spectroscopy as a probe for weak halogen bond formation in the solution phase. Nonuorinated halogen-bond donors involving I, Br and Cl were investigated as were substituent effects and solvent effects (Fig. 14) . The study concluded that 15 N NMR spectroscopy is suitable for the characterization of strong secondary interactions in solution, but not sufficiently accurate to detect weak halogen-bonded complexes due to the low mole fraction of the complex present. DFT calculations show that the 15 N chemical shi does reect the diamagnetic deshielding associated with the formation of a weak halogen bond, but that experimental detection was unreliable (Fig. 14a ). Hydrogen-bonding interactions with the same acceptors show a 10-fold larger change in chemical shi (Dd 15 N) and can readily be detected and correlated with the electronic properties of the hydrogen bond donor (Fig. 14b ). The effect of solvent upon halogen bond formation is also apparent (Fig. 14c) wherein less polar solvents result in larger deshielding of the 15 N nuclei (Dd 15 N < 0), the Dd 15 N having the largest magnitude for I > Br > Cl. In less polar solvents, the resulting positive Dd 15 N is suggested to arise from the altered polarity of these mixtures as compared to the reference, i.e. this effect opposes the very small negative Dd 15 N that results from the formation of the weak halogen bond.
Characterisation
Electrochemical methods were used in conjunction with spectroscopic measurements by Rosokha and by Branca, Schöllhorn and co-workers to halogen-bond donors with tetramethyl-p-phenylenediamine (TMPD) or iodide as the acceptor. The work established from kinetics determinations that electron transfer from diamine to R-CBr 3 occurs too rapidly to be via an outer-sphere mechanism. The resulting fast redox process implicates transient halogenbonded complexes in which barriers for electron transfer are lowered by the strong electronic coupling the two molecules. The study also suggests that halogen bonding should be taken into account in the mechanistic analysis of the reactions of halogenated species. In their study of cationic viologen-substituted halide receptors, Branca, Schöllhorn and co-workers (DOI: 10.1039/c7fd00082k) used a combination of electrochemical and NMR titrations to establish binding strengths and binding sites.
Applications
In the nal section we will focus on applications of halogen bonding, with papers presented on anion binding, supramolecular synthesis, micelle formation in polymers, gel formation, dichroism and light-controlled ion transport. Beer and co-workers have developed rotaxane systems with a goal of selective binding of anions in water. [63] [64] [65] Their use of halogen bonding for anion binding has enabled marked progress towards this aim. In their Discussion paper (DOI: 10.1039/ c7fd00077d), they report the tuning of the binding site to enable excellent selectivity of Br À over I À and Cl À in a polar d 6 -acetone/D 2 O (9 : 1) solution. The anion binding site comprises three C-I halogen bond donors from triazole units (Fig. 15 ), for which the halogen-bond donor capability is enhanced by cationic charge or ligation to Re. Chelation of the Re centre also inuences the spatial arrangement of the two C-I groups on the bistriazole unit improving preorganisation of the rotaxane for binding. As part of a continuing programme of study of the competition between intermolecular interactions in supramolecular synthesis of crystals, 66-69 Aakeröy Fig. 15 Cationic rotaxane that exhibits selective binding of Br À (K ¼ 436(25) M À1 ) over Cl À and I À , for which binding is too weak to measure by NMR titration. All measurements are in d 6 and co-workers have designed a series of 1-(pyridylmethyl)-2,2 0 -biimidazoles, which contain three different sites capable of being hydrogen bond or halogen bond acceptors (Scheme 1). Co-crystallisation with a series of ditopic hydrogen bond donors and halogen bond donors allowed selectivity patterns for intermolecular interaction formation to be examined (DOI: 10.1039/c7fd00080d). Halogen-bond donors consistently led to self-association of the biimidazoles through R 2 2 (10) N-H/N hydrogen-bonded motifs, with halogen-bond donors selecting the pyridyl acceptor site over the remaining imidazole site. Carboxylic acid hydrogen-bond donors showed less consistency. In some cases biimidazole self-association occurred with carboxyl hydrogen bonding to pyridyl groups, but in others the carboxyl group disrupted the self-association, leading to a variety of outcomes. Mosquera, Gómez-Sal and co-workers (DOI: 10.1039/c7fd00079k) have carried out a mechanistic investigation that examines in detail the role of halogen bond formation on halide ligand substitution in the octahedral complex [RuCl 2 (CNR) 4 ]. Their study implicates halogen bond formation, initially between dihalogens (I 2 , Br 2 ) and the chloride ligands, in the mechanism leading to substitution of chloride by iodide or bromide. The rate of substitution depends on the electron-donating ability of the isocyanide (CNR) ligands. A number of intermediate stages of the reaction have been characterised crystallographically and studied by Raman spectroscopy. An unusual observation from these structures is that formation of Ru-X/I 2 leads to Ru-X bond lengthening, whereas formation of Ru-Br/Br 2 leads to Ru-Br bond shortening. Vanderkooy and Taylor (DOI: 10.1039/c7fd00111h) have appended C 6 F 4 I halogen-bond donor groups to a polymer backbone enabling the use of halogen bonding in forming multicompartmental micelles from complementary macromolecules. The micelles were able to be imaged by TEM ( Fig. 16 ). Lloyd, Khimyak and co-workers (DOI: 10.1039/c7fd000108h) have examined the effect of halogen bonding, and more generally the inuence of intermolecular interactions involving halogen substituents, on a series of phenylalanine (Phe) derivatives with halogen substituents on the aromatic ring. Friščić, Barrett and co-workers (DOI: 10.1039/c7fd00114b) were able to synthesise and demonstrate dichroism in crystals comprising halogen-bonded chains of trans-4,4 0 -diiodoocta-uoroazobenzene as chromophore and ditopic halogen-bond donor and dicyanoaurate(I) as ditopic halogen-bond acceptor (Fig. 17) . The anionic assembly is charge-balanced by 15-crown-5-encapsulated K + ions. The halogen bonding is used to provide alignment of the chromophores. Finally, remaining with the theme of optical properties, Cavallo, Dichiarante and co-workers (DOI: 10.1039/ c7fd00120g) have prepared halogen-bonded lamellar liquid crystals (LC), which include an iodide-containing charged region as well as a lipophilic region. The halogen-bond donor unit contains a photo-switchable diazo group. A reversible cis-trans photo-isomerization of this group leads to a LC-to-isotropic phase transition, which the authors envision is a rst step towards light-induced control over ion transport and conductance in these supramolecular complexes.
Conclusions and future outlook
Among the main themes that emerged in the Discussion (DOI: 10.1039/ c7fd90061a, DOI: 10.1039/c7fd90062g, DOI: 10.1039/c7fd90063e and DOI: 10.1039/c7fd90064c) were those that involved the bonding model for describing halogen bonds and related interactions. It is clear that the electrostatic model is central to describing halogen bonds and their p-block analogues, but that care is needed in interpreting solid-state arrangements, as while it may be convenient to assign (on the basis of geometry) halogen bonds or hydrogen bonds as structure directing, these may not be the main cohesive intermolecular forces. Experimental measurements were presented to demonstrate charge transfer in halogen bonds indicating the importance that such a description can have in understanding the interactions.
Although computational studies highlighted some differences between halogen bonds, chalcogen bonds, pnictogen bonds and tetrel bonds, more experimental studies are needed to quantify and exploit such differences. A wide variety of characterisation methods were employed in the studies presented, including, X-ray crystallography, multinuclear NMR spectroscopy (solution-phase and solid-state), UV/Vis spectroscopy, IR/Raman spectroscopy, cyclic voltammetry, X-ray absorption spectroscopy (XAS) and electron microscopy. Experimental studies were oen complemented by computational studies, which enabled the calculation of structures, spectroscopic parameters, bonding models and energetics. It is also noticeable that studies of halogen bonding spanned a very wide range of molecular sizes from very small, e.g. diatomics (I 2 , ClF, etc.) to very large, e.g. rotaxanes and polymers. A number of applications of halogen bonding were described, including supramolecular and covalent synthesis, anion binding, micelle formation in polymers, gel formation, dichroism and light-controlled ion transport. These represent examples from among the many areas in which halogen bonding is now being applied, such as medicine and biology, including pharmaceuticals, many aspects of molecule-based materials chemistry, encompassing crystal engineering, and in synthesis and catalysis. It should be anticipated that the recent development of interest in related chalcogen, pnictogen and tetrel bonds will also lead to opportunities for a wide array of applications that are underpinned by an improved understanding and an expanded "toolbox" for supramolecular chemistry.
I will nally return to the question of nomenclature, which was raised in the Introduction. The denition of halogen bonding 70 (and re-denition of hydrogen bonding 71 ) has recently been approved through IUPAC projects and the denitions of analogous interactions, commonly referred to as tetrel bonds (group 14), pnictogen bonds (group 15), chalcogen bonds (group 16) and aerogen bonds (group 18) are soon to be determined via a similar IUPAC project. Although the names of these interactions convey valuable precision in description and permit distinction to be made between these related interactions, it seems clear that a collective name for such interactions is also needed. Although not formally approved by IUPAC, that collective name already exists. The term secondary bond, coined by Alcock, 11 fulls the role and allows for the necessary derivative terms secondary bonding, secondary bond donor, secondary bond acceptor, etc. to convey meaning with clarity for this collection of interactions in the same way that more specic terms, e.g. halogen bond, chalcogen bonding, pnictogen bond donor and tetrel bond acceptor, can for the more limited subset of cases to which they apply. Some might argue that hydrogen bonds should remain separate, but this seems unnecessary as they can be described in the same manner (either by shole electrostatic model 72 or charge-transfer orbital model 73, 74 ) as the interactions that involve p-block elements in the Lewis acidic role, although forming less directional interactions. Indeed it can be anticipated that analogous classes of interactions involving elements of group 13 (triel) or s-block groups 1 and 2 can be similarly encompassed in the denition of secondary bonding. Thus, it seems appropriate to adopt the term secondary bonding as an umbrella term for all classes of intermolecular interaction involving s-and p-block elements in a Lewis acidic role.
